Background & Aims: Gastroesophageal reflux disease is a condition frequently associated with esophagitis and motor abnormalities. Recent evidence suggests that proinflammatory cytokines, such as interleukin (IL)-1␤ and IL-6, may be implicated because they reduce esophageal muscle contractility, but these results derive from in vitro or animal models of esophagitis. This study used human esophageal cells and tissues to identify the cellular source of cytokines in human esophagitis investigate whether cytokines can be induced by gastric refluxate, and examine whether esophageal tissue-or cell-derived mediators affect muscle contractility. Methods: Endoscopic mucosal biopsy specimens were obtained from patients with and without esophagitis, organ-cultured, and undernatants were assessed for cytokine content. The cytokine profile of esophageal epithelial, fibroblast, and muscle cells was analyzed, and esophageal mucosa and cell products were tested in an esophageal circular muscle contraction assay. Results: The mucosa of esophagitis patients produced significantly greater amounts of IL-1␤ and IL-6 compared with those of control patients. Cultured esophageal epithelial cells produced IL-6, as did fibroblasts and muscle cells. Epithelial cells exposed to buffered, but not denatured, gastric juice produced IL-6. Undernatants of mucosal biopsy cultures from esophagitis patients reduced esophageal muscle contraction, as did supernatants from esophageal epithelial cell cultures. Conclusions: The human esophagus produces cytokines capable of reducing contractility of esophageal muscle cells. Exposure to gastric juice is sufficient to stimulate esophageal epithelial cells to produce IL-6, a cytokine able to alter esophageal contractility. These results indicate that classic cytokines are important mediators of the motor disturbances associated with human esophageal inflammation.
G astroesophageal reflux disease (GERD) is one of the most common disorders of the gastrointestinal tract. Its pathophysiology is complex, involving gastric acid secretion, lower esophageal sphincter pressure abnormalities, gastric emptying abnormalities, dysfunction of the antireflux barrier, mucosal defense defects, refluxate-induced tissue damage, and possibly Helicobacter pylori infection. [1] [2] [3] How these different factors cause GERD is incompletely understood, but they frequently lead to the development of inflammation, usually localized in the lower third of the esophagus. Inflammation may result in altered neuromotor function, 4 as originally described in ulcerative colitis. 5 A similar association is found in experimental and human esophagitis, 6 -8 and esophageal dysmotility is a recognized complication of GERD.
The mechanisms underlying inflammation-induced esophageal motor abnormalities are still unclear, and current knowledge derives mostly from experimental models. In cats with acute esophagitis induced by acid perfusion, the lower esophageal tone is impaired. 9 This phenomenon is associated with reduced inositol trisphosphate levels, 10 intracellular calcium depletion, 11 and abnormalities of 1,4,5-inositol triphosphate, arachidonic acid metabolites, and inflammatory mediators such as leukotrienes, H 2 O 2 , and platelet-activating factor. [12] [13] [14] [15] [16] Classic immune proinflammatory molecules, such as interleukin (IL)-1␤ and IL-6, also can reduce esophageal muscle contraction by inhibiting acetylcholine release. [15] [16] [17] This is interesting because both IL-1␤ and IL-6 are produced by and affect the motility of colon smooth muscle cells 4,18 -20 and underlie the motor abnormalities in ulcerative colitis. 21, 22 To better understand the mechanisms of esophageal muscle dysfunction a novel in vitro model of acute esophagitis has been developed, 23 in which cat esophageal mucosa is freed of circular and longitudinal muscle and tied at both ends, creating a mucosal sac. The sac, with the squamous epithelium on the inside and the submucosa on the outside, is filled with HCl and the medium surrounding the sac is examined for mediator content or effect on muscle contractility. This model allows sequential dissection of the cascade of inflammatory events that start in the epithelium and spread to the muscle layer. 23 Initial reports using this ex vivo model have shed new light on the interrelationships among the mediators described in the in vivo model, including platelet-activating factor, H 2 O 2 , IL-1␤, and IL-6. 23, 24 Nevertheless, whether the same mediators and events are responsible for motor abnormalities in patients with GERD-induced esophagitis is unclear. A study performed with a human lower esophageal sphincter specimen with esophagitis showed that muscle strips developed a low tone that was restorable by the H 2 O 2 scavenger catalase. 25 This was associated with excessive production of H 2 O 2 , resulting in increased production of platelet-activating factor and prostanoids, both of which reduce the lower esophageal sphincter tone. Another study using the human esophageal sac model revealed that platelet-activating factor, H 2 O 2 , IL-1␤, and IL-6 were generated in response to epithelial exposure to HCl. 26 These findings recapitulate some of the information gained from the in vitro and ex vivo models of cat esophagitis. However, crucial information still is missing, such as the cellular source of proinflammatory mediators in human esophagitis, evidence that such mediators can be induced by gastric refluxate, and that human esophageal tissue-and cell-derived factors directly affect esophageal muscle contractility. This study was designed specifically to use human esophagus-derived tissues, cells, and products to fill these knowledge gaps.
Materials and Methods

Patient Population and Procurement of Endoscopic Mucosal Biopsy Specimens
Mucosal biopsy specimens were obtained during videoendoscopy from the upper, middle, and lower thirds of the esophagus of patients with a clinical history compatible with GERD and patients with other non-GERD symptoms requiring upper endoscopic examination According to the endoscopic appearance of the esophageal mucosa, patients were divided into 2 groups (Table 1) .
The first group included subjects with symptoms of GERD and clear endoscopic and histologic signs of reflux esophagitis (n ϭ 26), which was graded according to the modified classification of Savary and Miller. 27 The second group included subjects without GERD symptoms and without macroscopic or microscopic mucosal inflammation (n ϭ 19). None of the patients in any of the 2 groups had endoscopic or histologic findings indicative of Barrett's esophagus or adult eosinophilic esophagitis. 28 A set of 3 endoscopic biopsy specimens was obtained from each of the upper, middle, and lower portions of the esophagus. In patients with endoscopic evidence of esophagitis, biopsy specimens were taken from the midpoint of the inflamed area in the lower third of the esophagus at least 2 cm above the gastroesophageal junction. None of the patients with evidence of esophagitis in the lower third had signs of inflammation in the upper or middle third. Additional biopsy specimens were obtained for histologic evaluation and examined by a gastrointestinal pathologist (J. E. W.) unaware of the clinical or endoscopic diagnosis. Histologic findings were classified into 2 categories: the first included abnormalities consistent with active reflux esophagitis, and the second displayed no pathologic abnormalities. All patients with symptoms of GERD or endoscopic evidence of esophagitis were on proton pump inhibitors or histamine H 2 -blockers. Patients with achalasia, severe systemic diseases, or who were taking chemotherapeutic drugs were excluded from the study. The study protocol was approved by the Institutional Review Board at University Hospitals of Cleveland.
Biopsy Organ Culture
Organ culture for the evaluation of cytokine production was performed as reported with some modifications. 29 Mucosal tissue was placed on a cell culture insert filter (pore size, .4 m; Becton Dickinson, Franklin Lakes, NJ) of a 6-cluster well plate containing 1.3 mL of RPMI 1640 (BioWhittaker, Rockland, ME) with 50 U/mL penicillin, 50 g/mL streptomycin, and HEPES buffer (BioWhittaker) in the lower chamber. The culture was performed in 5% CO 2 at 37°C overnight, after which the undernatants were recovered and kept at Ϫ80°C until assayed for cytokine content by enzyme-linked immunosorbent assay (ELISA) and protein content, respectively.
Cell Lines
The human esophageal keratinocyte cell line HET-1A, a gift from Dr. C. Harris (National Cancer Institute, Bethesda, MD), was grown in LHC-8 medium containing 3.3 mol/L retinoic acid, .05% epinephrine (Biofluids Co., Rockville, MD) and antibiotics. 30 Cells were grown in tissue culture flasks precoated with a mixture of 36 mg fibronectin, 36 mL purified collagen, 360 L 10ϫ bovine serum albumin in 4 mL of LHC basal Primary cultures of esophageal keratinocytes, fibroblasts, and muscle cells were derived from 2 freshly resected human histologically normal esophagectomy specimens. The esophageal tissues were washed and the mucosa was separated from the underlying muscle layers by sharp dissection. Mucosal fragments were placed in Hanks' balanced salt solution containing 50 U/mL of penicillin, 50 mg/mL of streptomycin (BioWhittaker) for 1 hour at room temperature, cut in small fragments, and cultured in Dulbecco's modified Eagle medium containing 10% fetal bovine serum, 4 mmol/L of L-glutamine, 50 U/mL of penicillin, 50 mg/mL of streptomycin, and HEPES buffer as described. 31 Some mucosal fragments gave rise to a rapid (1-2 days) outgrowth of cells with typical epithelial morphology, which were cultured under the conditions described for HET-1A cells. Within a week a tight cell monolayer was formed that maintained typical epithelial cell morphology in culture ( Figure 1 , upper panel), and these cells were called human esophageal keratinocytes (HEK). Other fragments gave rise to an outgrowth of fibroblasts within 3-4 days, and by 2-3 weeks, confluent monolayers were obtained, which maintained a typical fibroblast morphology ( Figure 1 , middle panel), could be subcultured in the medium used for skin fibroblasts, and were named human esophageal fibroblasts (HEFs). The muscle tissue initially was treated as the mucosal tissue and minced into small fragments that were incubated overnight in Hanks' balanced salt solution containing antibiotics, 2.5% HEPES, collagenase type II (31 U/mL), and deoxyribonuclease type I (3228 U/mg), both from Worthington Biochemical Corp. (Lakewood, NJ). After filtering the digested tissue, the resulting cell suspension was washed, plated, and cultured as described for HEFs. After 1-2 weeks clusters of cells were observed, and these were grown similar to HEF, giving rise to spindle-like cell monolayers (Figure 1 , lower panel), and they were named human esophageal muscle cells (HEMCs). HEKs were used at passage 2, whereas HEFs and HEMCs were used at passages 3-4.
Cell Culture and Induction of Cytokine Production
HET-1A cells were grown until subconfluent in a 24-well cluster plate, washed with serum-free medium, and stimulated with IL-1␤ (100 U/mL; R&D, Minneapolis, MN), a combination of interferon (IFN)␥ (500 U/mL; R&D) plus phorbol myristate acetate (PMA, 20 ng/mL; Sigma, St. Louis, MO), 32 or serumfree medium. Supernatants were harvested at various time points, and cytokine content was measured by ELISA in 48-hour supernatants. The remaining cells were washed, suspended by trypsin, washed in phosphate-buffered saline, and sonicated with 3-4 fivesecond bursts (Heat Systems-Ultrasonics Inc., Plainview, NY). The resulting lysate was centrifuged at 10,000 rpm for 10 minutes at 4°C and stored at Ϫ80°C until use. Parallel cultures were used for RNA extraction. HEKs, HEFs, and HEMCs were cultured and treated as described earlier. Because of limited cell numbers, extraction by sonication was omitted, and RNA extraction was performed only with HEFs and HEMCs, but not HEKs. Cytokines secreted in biopsy organ culture undernatants and cell culture supernatants, and cytokines released in cell sonicates were measured by ELISA kits (IL-1␣, IL-1␤, IL-4, IL-5, IL-6, and tumor necrosis factor (TNF)-␣ from Endogen, Woburn, MA; eotaxin from R&D).
RNA Extraction and Polymerase Chain Reaction Amplification for Cytokine Messenger RNA Measurement
Total RNA was extracted as previously described 33 using RNA-Bee (Tel-Test, Inc., Friendswood, TX), reverse transcribed, and complementary DNA (cDNA) was amplified by polymerase chain reaction (PCR). Five microliters of cDNA was amplified in the presence of 0.125 mol/L each of the 5= and 3= primers (Biosynthesis, Lewisville, TX) ( Table 2 ) and 1 U of Taq DNA Polymerase (Roche, Mannheim, Germany). PCR was performed in a DNA thermal cycler at 94°C for 30 seconds, 64°C for 45 seconds, and 70°C for 45 seconds for IL-1␣, IL-4, IL-5, TNF-␣; or 94°C for 30 seconds and 72°C for 1.5 minutes for IL-1␤; or 94°C for 30 seconds, 55°C for 55 seconds, and 72°C for 72 seconds for IL-6 and glyceraldehyde-3-phosphate dehydrogenase; or 94°C for 45 seconds, 70°C for 1 minute, and 72°C for 1 minute for eotaxin. The number of cycles was 26 for glyceraldehyde-3-phosphate dehydrogenase, and varied from 30 to 38 for the other cytokine messenger RNA (mRNA). As positive control, RNA was obtained from polyclonally activated peripheral blood mononuclear cells and stimulated skin fibroblasts for IL-1␣, IL-1␤, IL-4, IL-5, IL-6, TNF-␣, and eotaxin. Fifteen microliters of the PCR product were subjected to electrophoresis on 1.5% agarose gel and stained with 0.5 g/mL ethidium bromide, using 100-bp DNA ladder as a marker.
Esophageal Epithelial Cell Exposure to Gastric Juice
Gastric juice was collected from 10 patients who had fasted for at least 12 hours and were not taking any antacids, histamine H 2 -blockers, or proton pump inhibitors, filtered through a gauze, pH measured, stored at 4°C, and pooled before addition to HET-1A cells. In some experiments the gastric juice was neutralized to pH 7.4 with NaOH, or neutralized and heat-inactivated by exposure to 80°C for 10 minutes. Monolayers of HET-1A cells were incubated with crude gastric juice (pH 2.5), neutralized gastric juice (pH 7.4), or neutralized and heat-inactivated gastric juice for 0, 10, and 30 seconds, and 1 and 5 minutes. To control for the effect of low pH, culture medium was adjusted to a pH of 2.5 by the addition of HCl solution, and added to the HET-1A cells for 0, 1, 5, 10, and 30 minutes. After gastric juice or acid exposure the cells were washed thoroughly with culture medium containing 10% chemically denatured serum and 500 g/mL soybean trypsin inhibitor (Biofluids Co.). Fresh medium was added, cells were cultured for a further 12 or 24 hours, and the supernatants were collected 
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for IL-6 measurement. Lactic acid dehydrogenase (LDH) in the supernatants was measured by standard biochemical procedures to assess cell death.
Cat Esophageal Circular Muscle Contraction Assay
Two-millimeter-wide circular muscle strips were prepared as previously described, 17 and mounted in 1-mL chambers. Strips initially were stretched to 2.5 g to bring them near conditions of optimum force development and equilibrated for 2 hours while being perfused continuously with oxygenated physiologic salt solution at 37°C. The solution was equilibrated with 95% O 2 and 5% CO 2 at 37°C, pH 7.4. After equilibration, esophageal strips were stimulated with square wave pulses of supramaximal voltage, .5 ms, 2 Hz, 10-s trains, delivered by a stimulator (Grass Instruments, model S48; Astro-Med, Inc., W. Warwick, RI) through electrodes placed on either side of the strip. This stimulation produces maximal esophageal contraction by inducing the release of acetylcholine from intramural neurons. 17 To study the effect on the contraction in response to electrical field stimulation, the strips then were incubated with an appropriate concentration of undernatants or supernatants for 2 hours, and contraction in response to electrical field stimulation was measured. All experiments were performed in triplicate, using 3 strips/cat from 3 different cats.
Data Analysis
Statistical analyses between 2 groups were performed using the paired or unpaired t test, and differences between multiple groups were tested using analysis of variance (ANOVA) followed by the Scheffé's F-test. Results are expressed as the mean Ϯ SEM, and significance was inferred at a P value of less than .05.
Results
Enhanced Production of IL-1␤ and IL-6 in Mucosal Biopsy Specimens of Esophagitis Patients
The nature of the tissue response in patients with GERD symptoms or reflux esophagitis-associated inflammation is poorly defined. By using a mucosal biopsy organ culture system, we initially investigated the production of cytokines with a broad spectrum of inflammatory activities, including IL-1␤, IL-6, and TNF-␣, as well as cytokines associated with tissue eosinophilia, including IL-4, IL-5, and eotaxin. 34, 35 IL-1␤ was detected exclusively in the undernatants of mucosa obtained from patients with endoscopic evidence of esophagitis, whereas substantial amounts of IL-1␤ were found in cultures from the lower, and less in those of the upper and middle portions, of the esophagus (Figure 2 ). In contrast, IL-6 was present in all biopsy cultures of both groups. IL-6 was markedly and significantly (P Ͻ .6) increased in biopsy specimens from the lower third of Figure 3 . Production of enhanced levels of IL-6 in mucosal biopsy specimens of the lower third of the esophagus from patients with endoscopic evidence of esophagitis. A set of 3 endoscopic biopsy specimens was obtained each from the upper, middle, and lower portions of the esophagus, organ-cultured overnight, and the concentration of IL-6 in the undernatants was measured by ELISA. Number of patients: , esophagitis group ϭ 26; e, control group ϭ 19. Data are expressed as the mean Ϯ SEM. *P Ͻ .05 for IL-6 in the lower third of the esophagus in the esophagitis group compared with the control group, and for IL-6 levels in the lower compared with the middle and upper esophageal thirds of the esophagus in the esophagitis group. esophagitis patients compared with lower third biopsy specimens of control patients (Figure 3 ). IL-6 in biopsy specimens from the lower third of esophagitis patients was also significantly higher (P Ͻ .05) than in biopsy specimens from the middle and lower thirds of the same patients. However, no significant difference in IL-6 levels existed in biopsy specimens from the middle and upper thirds among all patient groups (Figure 3) . When IL-6 was measured in those cultures whose undernatants also contained IL-1␤, its level was significantly higher in the lower (233 Ϯ 34 vs 58 Ϯ 8 pg/mL/mg; P Ͻ .03) and middle (37 Ϯ 3 vs 17 Ϯ 2 pg/mL/mg; P Ͻ .02) portions than those that did not contain IL-1␤. TNF-␣, IL-4, IL-5, and eotaxin were not detected in any of the undernatants from any group (not shown).
A potential correlation of histologic abnormalities with cytokine levels was investigated in the first group of patients with endoscopic and histologic signs of reflux esophagitis. No direct correlation was found between the degree of histologic changes and IL-1␤ or IL-6 levels (not shown). None of the patients had histologic findings compatible with eosinophilic esophagitis.
Cytokine Production by Human Esophageal Epithelial Cells
To define the possible cellular source of the cytokines found in mucosal culture undernatants and to evaluate the epithelium as a possible source of cytokines in reflux esophagitis, we tested the capacity of HET-1A esophageal epithelial cells to produce proinflammatory cytokines. We found that cultures of HET-1A cells spontaneously contained low levels of IL-6, which markedly and significantly (P Ͻ .05) increased after stimulation with IL-1␤ or IFN␥ ϩ PMA (Figure 4 ). To examine whether IL-6 exists in a preformed state in human esophageal epithelial cells, HET-1A cells were disrupted by sonication and cytokine intracellular contents were measured. Low but readily detectable amounts of IL-6 were found in unstimulated cells, and their levels significantly (P Ͻ .05) increased in IL-1␤-or IFN␥ ϩ PMA-stimulated cells. IL-1␣, IL-1␤, IL-4, IL-5, TNF-␣, and eotaxin were not detected in either supernatants or sonicates. 
Cytokine mRNA Expression by Human Esophageal Epithelial Cells
To complement the earlier-described experiments, we also investigated cytokine expression at the transcription level in resting and activated esophageal and skin epithelial cells. HET-1A cells expressed IL-6 mRNA spontaneously and after stimulation with IL-1␤ or IFN␥ ϩ PMA ( Figure 5 ). IL-1␤ and eotaxin mRNA was detected only after stimulation, whereas IL-1␣, IL-4, IL-5, and TNF-␣ mRNAs were not detected regardless of culture conditions.
Cytokine Production by Primary Human Esophageal Cells
In addition to epithelial cells, other cell types present in the normal human esophagus have the potential of producing proinflammatory cytokines, such as fibroblasts and muscle cells (Figure 1) . Therefore, we investigated whether HEKs, HEFs, and HEMCs had the capacity to produce cytokines under the same culture conditions used for HET-1A cells. Because of the limited number of cells available, the investigation was focused on IL-6, a cytokine known to alter esophageal muscle contraction. [15] [16] [17] All cell types spontaneously produced low levels of IL-6, which markedly increased after stimulation, particularly with IL-1␤ ( Figure 6 ). IL-1␤ and TNF-␣ were not detected in any unstimulated or stimulated cell supernatants. Because no information exists on cytokine production by human esophageal mesenchymal cells, we compared these results with those obtained using skin and intestinal fibroblasts, but no significant differences were observed in regard to IL-6 production (not shown). IL-6 also was detected at the mRNA level in unstimulated and IL-1␤-or IFN␥ ϩ PMA-stimulated HEFs (Figure 7) . IL-1␤ mRNA was present in both unstimulated and activated HEFs, eotaxin mRNA was expressed after stimulation, but TNF-␣ mRNA was absent, either before or after stimulation. The pattern of cytokine mRNA in HEMCs was essentially the same except for the absence of IL-1␤ mRNA in unstimulated cells (Figure 7) . Primary HEKs did not grow in sufficient numbers to perform these experiments. 
Gastric Juice-Induced Production of IL-6 by Human Esophageal Epithelial Cells
Having shown that the human esophageal epithelium has the capacity of producing proinflammatory cytokines, we next inquired whether such an event could occur in vivo. To mimic this situation, we exposed HET-1A cells to human gastric juice. When we initially exposed HET-1A cell monolayers to crude gastric juice at pH 2.5 over a period of 5 minutes, a very rapid increase and decrease in IL-6 levels was noted, and this response was accompanied by a parallel increase and decrease in LDH activity ( Figure 8A ). Microscopic examination revealed complete destruction of the HET-1A monolayer (not shown). To learn whether such an effect was caused by the low pH or other components in the gastric juice, we next exposed HET-1A cells to culture medium acidified to the same pH of crude gastric juice. This also led to an increase in IL-6 levels accompanied by a parallel increase in LDH levels, but during a considerably more extended time period (30 minutes) compared with native gastric juice ( Figure 8B) . Microscopically, the HET-1A monolayers were intact but cells were dead as shown by lack of trypan blue exclusion (not shown). To eliminate the detrimental effects of low pH, the gastric juice was brought to pH 7.4 and then added to new monolayers. A rapid and sustained increase in IL-6 levels was observed without any significant changes in LDH activity ( Figure 8C ), and the HET-1A monolayers remained intact and viable, even when microscopically examined 24 hours later (not shown). As a final control, proteins in buffered (pH 7.4) gastric juice were denatured by heat inactivation, resulting in no changes in IL-6 or LDH levels greater than those measured in cells cultured in medium alone ( Figure 8D ).
Effect of Human Esophageal Mucosa Culture Undernatants and Primary Esophageal Cell Culture Supernatants on Contraction of Cat Esophageal Circular Muscle
We previously reported that recombinant cytokines inhibit contraction of esophageal smooth muscle cells. 17 The results described so far clearly show that human esophageal mucosa and primary esophageal cells produce several cytokines including some, such as IL-6, that have the capacity to inhibit contraction of esophageal circular muscle strips. 17 Therefore, we tested whether this effect could be replicated by endogenous cytokines derived from whole human esophageal mucosa or distinct esophageal cell types. Two sets of experiments were performed: in the first, we used undernatants of lower third mucosal organ cultures from patients with endoscopic evidence of esophagitis and patients with GERD Figure 9 . Effect of human esophageal mucosal organ culture undernatants on the contraction of cat esophageal circular muscle strips in response to electrical (neural) stimulation. Contraction was induced in response to electrical stimulation consisting of 10-s trains of square wave pulses of supramaximal voltage (0.2-ms duration at 5 Hz) after incubation of the strips in undernatants of mucosal biopsy specimens taken from the upper and lower thirds of the esophagus of patients with endoscopic evidence of esophagitis, GERD symptoms, or control patients. Undernatants from cultures of mucosa from the upper or lower esophagus of the patient control group had no effect on the contraction of esophageal strips. The same results were obtained using undernatants from cultures of mucosa from the upper or lower esophageal thirds of the GERD symptoms group. Undernatants of mucosa taken from the lower third of the esophagus of patients with endoscopic evidence of esophagitis caused a significant (*P Ͻ .05, ANOVA) reduction in the amplitude of contraction. In this group, significant reduction of contraction was not observed when the mucosa derived from the esophageal upper third. Data represent the mean Ϯ SEM of 3 separate experiments using 3 strips/cat from 3 different cats. e, Medium; , upper esophagus undernatants; , lower esophagus undernatants. Figure 10 . Effect of human primary esophageal cell culture supernatants on the contraction of cat esophageal circular muscle strips in response to electrical (neural) stimulation. Contraction was induced in response to electrical stimulation consisting of 10-s trains of square wave pulses of supramaximal voltage (0.2-ms duration at 5 Hz) after incubation of the strips in culture medium (e, control), or cell culture supernatant (, supernatant), or after washing out the supernatant with culture medium ( , wash). Incubation with supernatants from HEKs significantly (P Ͻ .05, ANOVA) decreased contraction in response to electrical stimulation. Supernatants from HEMCs also caused a reduction in contractile response, which was less than that induced by HEK supernatants, and was not statistically significant. HEFs had no significant effect on contraction. Contraction of all strips returned to normal after washing out the cell culture supernatant. Data represent the mean Ϯ SEM of 3 separate experiments using 3 strips/cat from 3 different cats.
symptoms but normal endoscopic appearance, and undernatants of the upper third as controls; in the second, we used supernatants from HEK, HEF, and HEMC cultures. Figure 9 shows the effect of human esophageal mucosal undernatants on the contraction of cat esophageal circular muscle strips in response to electrical stimulation. Undernatants from mucosa taken from the upper third of the esophagus had no significant effect on amplitude of esophageal strip contraction, regardless of whether they were from patients with esophagitis or GERD symptoms. In contrast, when undernatants from mucosa of the lower third were used, those from patients with endoscopic evidence of esophagitis caused a significant (P Ͻ .05) reduction in the amplitude of contraction, but not those from patients with GERD symptoms without esophagitis. Figure 10 shows the effect of human primary esophageal cell culture supernatants on the contraction of cat esophageal circular muscle strips in response to electrical stimulation. Incubation with supernatants from HEKs induced a significant (P Ͻ .05) decrease in muscle cell contraction. Incubation with HEMC supernatants also caused a reduction in contractile response, but this reduction was less than that induced by the HEK supernatants, and it was not statistically different from that obtained with control or wash medium. Supernatants from HEF cultures had no significant effect on contraction. Contraction of all strips returned to normal after washing out the supernatant.
Discussion
Gastrointestinal inflammation can result in abnormal motility, 4 but because each bowel segment displays different anatomic and functional characteristics, distinct inflammatory conditions trigger disturbances through different mechanisms. The motor disturbances seen in GERD suggest a direct cause-and-effect relationship with local inflammation, but the pathophysiologic basis for such a relationship still is unclear. The paucity of studies performed with human tissues and cells hampers progress in understanding the pathogenesis of esophageal dysmotility in GERD. Inflammation-triggered esophageal motor disorders depend not only on gut peptides and neurotransmitters, but also immune mediators such as cytokines and chemokines. Enhanced production of IL-1␤ and IL-6 has been documented in esophageal tissue of cats with experimental esophagitis, 15, 16 and both cytokines contribute to reduce esophageal circular muscle contractility. 17 In patients with GERD, a large number of cytokine and chemokine levels can be increased in mucosal biopsy specimens, including IL-1␤, IL-6, IL-8, IL-10, IFN␥, monocyte chemoattractant protein-1, and RANTES. 36 -39 These reports are based on protein assessment by immunohistochemical staining or in tissue lysates, or measurement of mRNA, but endogenously produced cytokines have never been tested directly on esophageal muscle to check whether they affect its function.
We found increased IL-6 in the mucosa of the lower esophageal third in patients with esophagitis compared with control patients, whereas IL-1␤ was detected exclusively in patients with endoscopic evidence of esophagitis. TNF-␣, IL-4, IL-5, and eotaxin were not detected, suggesting these mediators are not involved in esophageal inflammation, although some of them may play a prominent role in eosinophilic esophagitis. 35 Our results were obtained using an organ culture system in which the cytokines measured in the undernatants are actually secreted, as opposed to their detection through immunostaining, or protein and transcript levels in whole-tissue lysates, methods that do not discriminate between presence vs actual secretion. This distinction is crucial because only mediators that are secreted in and diffuse from the mucosa to the muscle layers affect esophageal motility. 23, 24, 26 It is also crucial to define the cytokines' cellular sources for 2 reasons: first, the mucosa is composed of several cell types; second, it may allow one to distinguish between primary and secondary inflammatory events. Initially, we explored the cytokine repertoire of esophageal epithelial cells. 40, 41 Because it is difficult to obtain large numbers of primary epithelial cells from human esophageal explants, the investigation of cytokine production was started out with HET-1A cells. When inflammation was mimicked by the addition of IL-1␤, HET-1A cells produced large quantities of IL-6, and less quantities when stimulated with IFN␥ ϩ PMA. Lower amounts of IL-6 were found in cell sonicates, suggesting that damage to esophageal epithelial cells leads to the release of IL-6 from preformed stores. In the same supernatants and sonicates IL-1␣, IL-1␤, IL-4, IL-5, TNF-␣, and eotaxin were not detected. Together, these observations indicate that IL-6 is a dominant cytokine produced by human esophageal epithelial cells, a conclusion reinforced by the results with primary HEKs. The profiles of cytokine mRNA largely matched those of the proteins in HET-1A cells. Thus, a first key observation is that the human esophageal epithelium produces IL-6, a cytokine able to affect muscle cell contractility.
Other cell types found in the gastrointestinal tract also can produce mediators relevant to muscle contractility, such as fibroblasts and muscle cells. 42, 43 These mesenchymal cells can produce IL-1␣ and -1␤, IL-6, IL-8, IL-10, TNF-␣, and granulocyte-macrophage colony-stimulating factor 32, 44 and, on stimulation, produce transforming growth factor-␤ and prostanoids. 45, 46 Cytokine production by intestinal mesenchymal cells is particularly pronounced when exposed to inflammatory stimuli. 21, 22, 47 To learn whether this occurs in esophagitis, we generated primary cultures of HEFs and HEMCs. Both HEFs and HEMCs spontaneously secreted low levels of IL-6, which increased remarkably on exposure to IL-1␤ or IFN␥ ϩ PMA. A similar response was observed at the mRNA level, where mRNA for eotaxin, but not TNF-␣, also was induced. The ability of esophageal fibroblasts and muscle cells to produce IL-6 and up-regulate it in response to IL-1␤ is a potentially important observation because both cytokines are present in reflux esophagitis and both affect muscle cell contractility. These findings are in agreement with those reported in the cat esophagitis model, and support their pathogenic relevance to GERD-induced esophagitis in human beings.
Next, it was necessary to show that relevant cytokines are produced in vivo during the unfolding of pathogenic events. Because reflux of gastric contents into the esophagus is a critical early step in the pathogenesis of GERD esophagitis, 48 we investigated whether direct contact of esophageal squamous epithelial cells with gastric refluxate was sufficient to induce cytokine production. In cultures of HET-1A cells exposed to crude human gastric juice at low pH, a rapid but small increase in IL-6 content was observed, which paralleled the increase of LDH content. Almost certainly this represented the passive release of preformed IL-6 from dead cells, as suggested by the existence of IL-6 in cell sonicates (Figure 4) . A similar response was observed when HCl alone was used, but the release of IL-6 and cell death both were delayed, indicating that other components in the gastric juice were necessary to induce cell death. When the pH of gastric juice was brought to a physiologic concentration the cells did not die, and the buffered gastric juice induced a rapid and steady IL-6 secretion by HET-1A cells, a conclusion reinforced by additional experiments in which denatured gastric juice failed to induce either IL-6 or cell death. Gastric juice is a mixture of HCl, pepsin, enzymes, bile acids, and duodenal contents, but acidified pepsin is considered the most harmful to the esophageal epithelium. 49 -51 Because we excluded the role of acidity in IL-6 induction and denatured gastric juice fails IL-6, one possibility is that pepsin or other pepsinogens are responsible for the induction of this cytokine. A second key observation, then, is that gastric refluxate itself can directly induce cytokine production by the esophageal epithelium.
Finally, to prove that soluble products of inflamed esophageal tissue or cells are implicated in the motility abnormalities seen in human reflux esophagitis, undernatants of mucosal organ cultures and supernatants of esophageal cells were tested in the muscle contraction assay. A significantly reduced contraction was observed only when undernatants generated by culturing mucosa from the lower third of the esophagitis patients were used, but not from the mucosa of patients with GERD symptoms only. This is intriguing because the mucosa from esophagitis patients has the highest concentrations of IL-1␤ and IL-6, cytokines known to reduce esophageal muscle contractility, 17 implying that either cytokine, or both, could contribute to motility disturbances in GERD esophagitis. When the cellular source of the cytokines was investigated, supernatants derived from epithelial cells (HEKs) were the most effective in reducing muscle cell contractility, supernatants from muscle cells (HEMCs) were less effective, and those from fibroblasts (HEFs) had no effect. IL-6 was produced by all 3 cell types, but this cytokine may not be solely responsible for the observed effect because the degree of reduction in muscle contraction was not proportional to the relative amounts of IL-6. Because of limited volumes of under/ supernatants, experiments with blocking antibodies could not be performed to identify the specific mediators responsible for reducing contractility. Nevertheless, our results do establish a functional link between cytokines produced in the human esophagus under inflammatory conditions and the motor abnormalities observed in GERD patients.
This report shows that cytokines endogenously produced in the human esophagus can act directly on esophageal circular smooth muscle cells and cause a reduction in contractility. Moreover, the results show that exposure to components of the gastric refluxate is sufficient to stimulate esophageal cells to release proinflammatory cytokines, such as IL-6, with the potential to mediate the esophageal dysmotility associated with GERD-induced esophagitis. How the interaction between cytokines and sensory afferent nerves results in motor responses and symptom generation still is unclear. Ongoing studies suggest that activation of transient receptor potential channel vanilloid subfamily member 1 receptors by acid causes production of substance P and CGRP by sensory neurons and platelet-activating factor by epithelial cells, with subsequent cytokine production and muscle contraction (Cheng et al, unpublished observation).
